We present, to the best of our knowledge, first demonstration of a direct three-dimensional (3D) microfabrication in the volume of silica glass. The microfabrication was carried out in two steps: i) recording 3-D patterns inside silica glass via silica damaging by focused femtosecond laser pulses (in multishot regime), and sample translation along X, Y, and Z directions, ii) etching the recorded patterns in HF based etchants. Comparative study of chemical etch rates in diluted HF, buffered HF, and a mixture of HF, H20 and HNO3 (P etch) reveals direct evidence of structural and/or stoichiometrical difference between damaged and "fresh" silica. 3D structures consisting of submicrometer size voxels (smallest optically damaged volume element per shot) were successfully fabricated in the silica glass. The presented technique allows fabrication of 3D channels as narrow as 10 im inside silica, with arbitrary angle of interconnection and high aspect ratio (10 1um diameter channels in a 100 ,um thick silica slab). This approach allows to speed up fabrication, and the resulting 3D structures are optically transparent, which is advantageous for optical characterization (transmission, photoluminescence, Raman scattering, etc.) with spatial resolution determined by focusing optics.
INTRODUCTION
During the last decade there has been a rapid development in microfabncation technology driven by the need for low-cost microcomponents and microsystems. Recent progress in development of microfabrication techniques enable application of the microcomponents in a range of new products such as microfluidic systems and microreactors for biochemical processing, fibre optic alignment systems for communications as well as mechanical parts such as nozzles, gears and actuators for a range of engineering applications."2 In most cases microcomponents are fabricated on silicon or glass substrate using the well known multi-layer and multi-step fabrication techniques from semiconductor processing: photolithography, imprinting, etching, sputtering and the like. These generally produce two-dimensional (2D) structures so have to be adapted to make full three-dimensional (3D) structures. For example, reactive ion beam etching has proven to be able to machine various materials down to the nanometer range, but suffers from relative low rate because of sequential processing. 3 Fast and sub-micrometer sized microstructuring of transparent dielectrics achievable with femtosecond lasers prompted investigation of the selective etching possibilities of laser irradiated regions as alternative technique in microcomponents fabrication. Uzgiris et al.4 was demonstrated that 48% HF solution dissolves silica along self-focused nanosecond laser filament trails more rapidly than undamaged regions. As a result, they produces conical voids with the opening diameter of ca. 400 ,um and are 1 3 mm long. Increase of etching rate in the regions exposed to picosecond laser irradiation in borosilicate glass was observed by Lawandy group.5 '6 In their experiments sample was irradiated by multiple shots of second harmonics of the picosecond Nd:YAG laser at intensities well below surface damage threshold. The resulting pattern obtained after etching in a 12% aqueous solution of hydrofluoric acid reveals that the material is etched away in a ring and not at the center where intensity is at maximum. Furthermore, authors claimed that pure silica is failed to produce selective etching after laser exposure. Former attempts of 3-D femtosecond microfabrication in glassy materials required photo-sensitive glass,7 the elaboration of which is complex. After developing in 5% HF aqueous solution they produced Y branched pattern with the quite low aspect ratio.
In this work we report the investigations on selective etching rate of fs laser irradiation modified silica glass in aqueous solution of HF, buffered HF, and a mixture of HF, and HNO3, and applicability of particular etchtant for 3D intravolume fabrication of the high aspect ratio patterns.
EXPERIMENTAL SETUP AND MATERIALS
A experimental setup of the laser microfabrication system used in this study is shown in Fig. I (a) . The system comprises a ferntosecond laser unit and optical microscope. The femtosecond laser unit consist of a mode-locked Ti:Sapphire laser (Tsunami, Spectra Physics) and a Ti:Sapphire regenerative amplifier (Spitfire, Spectra Physics). The unit generates and amplifies ca. 120 fs (FWHM) pulses at a repetition rate of I kHz with the central wavelength of 795 nm. The laser irradiation was focused on Figure 1 . Experimental setup of 3D femtosecond laser microfabrication (a). Collimated laser irradiation was introduced into microscope by dichroic mirror DM. The pattern was written inside silica by sample scanning along X, Y, and Z-axes. The intensity of laser pulses was controlled by a set of neutral filters F. Fabrication process was monitored on TV monitor and recorded on video tape recorder, VTR. (b) photograph image of microscope and 3D stage.
Si02 sample through an oil-immersion objective lens (x 100 magnification, numerical aperture NA=1 .35) of the inverted-type microscope (Olympus 1X70). The spot size inside the silica glass was evaluated as ca. 0.78 tm. Irradiation fluence was varied between 5 J/cm2 (this is the measured single-shot intravolume light-induced damaging threshold, LIDT, value), and 50 J/cm2 by a neutral density filter attenuator. A 3D scanning stage with I ,um resolution in the X, Y, and Z directions was employed for the sample scanning (see Fig. I (b) ). This stage was scanned according to a pre-programmed computer-aided pattern. The entire fabrication process was monitored with a CCD camera-monitor set (Sony, DXC-930, and PVM-1442Q) attached to the optical microscope.
The resulting 3-D pattern was examined with a laser scanning microscope (Zeiss, LSM-4l0) with the maximal lateral resolution of 0.47 im (x 100 magnification, numerical aperture NA=l .35, for A=488 nm radiation), and 3-D structures were viewed at any cross-section of interest.
Samples of dry v-Si02 (ED-C brand from Nippon Silica Glass Co.) with the hydroxyl group, OH, concentration less than 10 ppm were used for 3D microstructuring.8 The width and thickness of the silica slab were (250 + 20) m and (140 + 20) pm, respectively. After laser irradiation all samples were cleaned by acetone and annealed for 1 h at 300°C for the removal of surface organic contamination.
To reveal the nature of structural photomodification in fs-irradiated silica, we have performed a comparative study of the selective etch rate on several fs laser microfabricated ED-C samples in 5. First of all we investigated the selective etching rates of ED-C brand silica in diluted HF, buffered HF, and P etch solutions. For that purpose we transferred a pre-programmed 2-D pattern into the silica volume by multiple-shot-made damage spots when the sample was translated along X, and Y directions. Resulting pattern example is presented in Fig.2(a) . During microfabrication we varied the distance between neighboring damage spots in order to have a possibility to increase or decrease damage degree along the pattern (see Fig.2(b) ). Laser irradiation intensity was fixed at ca. 3 xLIDT level. The same pattern was fabricated in three separate silica slabs. The pattern was formed from several horizontal lines of ca. 250 1um length at 40 im depth from the silica surface and the pattern was connected to the surface of the sample to improve the accessibility of the etchtant solution. Initial diameter of the photo-modified lines d0 was ca. 0.9-1 .2 tm. After laser microfabncation and surface cleaning, the samples were immersed into different etchtant solutions. During etching, the samples were periodically examined under a laser scanning microscope. This allowed us to determine etching rates, and to compare the etching rates of laser-damaged and undamaged Si02. Etching in diluted HF solution. Observed changes in the channels diameter and in a maximal penetration depth of acid solution are summarized in Fig.3 (a) and (b), respectively. The open circles corresponds to the measured uniform etch rate of ED-C glass of 79 nm/mm. It should be pointed out that the decrease till 72 nm/mm of etching rate r1 = was observed during the first etching hour. When the diameter of the etched pattern exceeds the 4 ,tm limit, etching rate r1 gradually increases till reaches that of undamaged silica. Whereas after the first half an hour, we clearly observed a deep (ca. 100 tm in depth) penetration of the acid solution into the silica along vertical channels of the fabricated pattern (see Fig.3(b) ). This indicates that during the first etching hour the etching rate r11 is more than 3 ,um/min, i.e. r11/r1=40. P etching. Experimental results of the ED-C silica etching in this solution was summarized in Fig.3(c) and (d) . In this case, measured uniform etching rate was more than 60 times lower than in the case of diluted HF and equals to 12 nm/mm, which is in good agreement with the previous observations of the mean P etch rate of the thermal silica oxide (12-12.6 nm/mm).9"0 During the first three hours of etching we observed gradual increasing of the channel diameter at the rate of r1=l7.3 nm/mm. But again, when the channel diameter develops till ca. 4 tm the etching rate slowed down till I 2-13 nm/mm. Penetration of the P etchtant along the pattern was somewhat slower Fig.3(d) and observed only during the first three hours of etching. After then the r11 of the silica remains constant. Observed maximal etching rate r11 = I .1 1um/min. So, for P etching we have r11/r1=60. Etching in buffered HF solution. In the case of ED-C silica etching in buffered HF solution we measured the highest uniform etching rate of ca. 250 nm/mm (Fig.3(e) ). But etching process of the damaged silica reveals completely different etching. Starting from the first etching minutes etching rate ri decreases more than 3 times and remains approximately constant (88 nm/mm) during the whole etching time. However, even in that case, a deep penetration of the etchant along damage pattern with a speed r11=l .7 itm/min was observed (Fig.3(e) ). After 30 mm this speed decreases till 410 nm/mm like in the case of diluted HF etching, but development of the full length pattern was not detected. This indicate that etching mechanism in buffered HF depicted in Fig.4 (a-d), respectively. As can be seen from Fig.4 ,the 3-D structure formed from the horizontal and vertical cylinder-channels was successfully fabricated inside silica glass. The horizontal channel was formed initially at 40 im depth from surface. The initial diameter of a multiple-shot damage spot at the glass surface was nearly equal to the diffraction limited spot size of 0.89 ,am. Starting from that submicrometer-sized voxel (volume-element; the smallest optically damaged volume per shot), straight vertical channels with a maximum opening diameter of approximately I 2 m were formed in the sample after 3 h etching. The length of these channels was ca. 120 tm. As shown in Fig.4 (d) , the cross-sections of the channels at surfaces were larger than those inside the glass (near the middle of the silica slab) by ca. 5%. This is due to the fact thatthe glass surface and the channel-openings are exposed to the acid solution longer than the inside of the glass is.7 This allows us to conclude that in the case of diluted HF etchtant, the optimum etching time for 3-D pattern fabrication was 2 h; during the next etching hour, we observed only increasing of the channel width at an etching rate nearly equal to that in undamaged silica. It is noteworthy that the channel interconnection angles remained unchanged during the etching, a feature especially favorable for complex 3-D pattern fabrication. Furthermore for applications in the field of chemistry in small domains (tm-sized), there are certain requirements regarding the roughness of the microfabricated pattern." The measured roughness of the sidewalls of separate vertical channels was accordingly 0.96 tm and I .6 ,um after two and three etching hours, respectively (Fig. 4) . We attribute this variation in the sidewall roughness to the non-uniform dose of irradiation accumulated as the sample was moved along the Z-axis during the multi-shot laser exposure.
Another attempt was made using buffered HF solution as the etchtant. The initial pattern, transferred into ED-C glass was presented in left side of Fig.5 . Resulting pattern after 85 mm development (Fig.5 right side) in buffered HF reveals that relatively big r1 etching rate does not allow production of the high aspect ratio 3D pattern. 
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Looking forward to the possible practical applications of fs laser microfabricated and etched 3D patterns it was necessary to check that resulting pattern is really hollow and flow of different chemical solutions inside the channels is possible. For that reason we immersed structure developed in P etchtant into a rhodamine dye isopropyle alcohol solution, After sample surface cleaning we registered rhodamine photoluminescence with laser scanning confocal microscope. For the photoluminescence excitation we used 540 nm laser irradiation. According to the registered photoluminescence intensity distribution Fig.6 the rhodamine dye solution was easily permeated developed channels inside silica (see Fig.2 for initial fabricated pattern reference) . This result indicate that used in our investigations fabrication technique is applicable for the fabrication of microcomponents for chemistry in small domains.
To clarify the observed mechanism ofthe etching phenomenon, two important points must be considered: (i) extremely fast etching rate along the fabricated pattern depends very weakly on etchtant selection whereas (ii) etching rate in perpendicular direction strongly depends on a particular etchtant . aN(x, t) DV2N(x, t) (3) for a concentration, N, independent diffusion coefficient, D, is given by
where x and t are spatial coordinate and time, respectively, and N0 is the initial concentration. The initial conditions to get this solution are N = N0 at x = 0 for t 0 and N = 0 at x > 0 for t = 0 for lD semi-infinite sample. This would correspond to our experimental conditions, when etchant is supplied to the point x =0 on the surface of sample. If the diffusion along the other coordinate, say y, with the same diffusion coefficient, D, is added to the process, then it can be formally described as
. (5) This shows, that the concentration flux along the damage inside silica sample (lD diffusion along x) is affected whenever additional direction (in fact, across the etching channel) of the concentration gradient needs to be considered, as it is in reality inside the cylindrical cavity, which is widening and deepening during etching, i.e. evolving in time. Future studies are planned to address these issues, particularly to measure diffusion coefficient and to find conditions when 3D structures of the highest aspect ratio can be etched out of silica. This simplified consideration is presented just to demonstrate the principle of dimensionalitydependent etching. From another point of view, the etching in a solution of HF, HNO3 and H20 (P etching) can reveal a differences in density, stoichiometry, bond strain and porosity, whereas HF etchtant is known to be sensitive to densification of Si02 . According to Pliskin and Lehman'4 P etching rate is sensitive to following structural properties of Si02 thin film: i) etch rate is sensitive to changes in oxygen contents of the films, being slower for oxygen deficient films; ii) film densification lowers etch rate while the presence of voids has an opposite effect; iii) strained films are etched faster than nonstrained films due to the energy in the strained bonds. Moreover, densification is considered most likely as it is known that the etch rate of silica decreases as it evolves from low density (vitreous silica) to high density (crystalline phases).'°A s mentioned in our previous investigations,'5"6 when the deposited laser radiation power exceeds the optical damage threshold, micro-explosion of the Si02 sample takes place at the focal point, where multi-photon absorption first generates free carrier plasma, which further absorbs light and results in secondary ionization of the silica. Typically, as the consequence of micro-explosion the focal region is surrounded by a shell of densified material. Such a structure exhibits a signature of high-pressure wave, which forces melted material from the center of the explosion outwards.'7 In the current literature, there are several descriptions of the ultrashort laser pulse interaction with transparent dielectrics'8 and laser-induced pressure wave (namely shock wave) propagation in silica glass.'9'2° These previous reports indicate that pressure waves may be a causative factor of densification, and even of limited destruction/fracture of the silica. Thus, it is appropriate to compare the LIDT with the fracture toughness of silica, which is Ki = 1MPa/ii.2' Fracture toughness is the resistance of a material to failure from fractures starting from a pre-existing crack. The critical stress, o, is related to the half-length of a pre-existing crack is inside material, a, by Ki a = Y\/a' (6) where V = 1 is the constant for a tensile mode ofcrack propagation (Y = 1.12; 0.73 for sliding and tear cracking, respectively). The visualization of Eqn.6 is given by solid line in Fig.7 . According commonly accepted picture of dielectric breakdown, the LIDT of material is reached, when free-charge carrier concentration, NFCC, is equal to the plasmon frequency at a given excitation wavelength. In our case, silica is reflective for a 795 nm when NFCG =1.2 x 1021cm3. Once the focal spot is reflective, it experiences radiation pressure, which can be found from H=n, (7) where n = 1.473 is the refractive index of material, P is the power per pulse, and c stands for the light velocity. In our experiments the LIDT was reached when P = 69kW for a pulse duration of 350 fs. The radiation pressure at the spot of the radius of O.5FWHM of Gaussian intensity envelope is depicted by square in Fig.7 . One can see, that the pressure at LIDT corresponds to the stress necessary to inflict a mechanical failure of silica, if the cracking starts to propagate form the crack of the size of O.5FWHM. As a consequence, once the LIDT is reached the failure size would be expected to follow the sizes of the focal point at a wavelength of irradiation (i.e. the optically cracked region is of the FWHM size). Experimental data on optical damaging at 398 nm are confirming this prediction.
The other expected consequence of an "optical load" by the radiation pressure is a crack propagation along the direction of the force. This phenomenon is well documented for indentation experiments on a pm-scale. Most probably, it is happening in the case of sub-pm cracking as well, which are, however, invisible in the microscope observation due to their size. Then the faster etching rate along the channel of optical damage could be understood.
We would like to stress, that a backward reflected pressure wave from the site of the micro-explosion near the surface of sample had no influence on the structural modification of silica in the etching experiment, since the same data on the channeletching rate were obtained for the different depths of the damage.
The post-shock examination of the samples indicated that modification in the structure arose from changes in the average (144 deg) 03 Si-(O)-SiO3 bridging angles of the Si04 tetrahedrons.22 But the decrease of the bridging angle could not account observed increase in material refractive index properly, unless the structural change to the more open three-membered ring structure developed.23 In our previous experiments,24 we have measured an approximately 2 % increase in the silica refractive index around the microexplosion site. Since a refractive index of Si02 scales inversely as the molar volume or directly as the material density from a Clausius-Mossotti relationship, the increase of the refractive index means a increase of the silica density. So the presence of three-membered rings is one of the possible explanations of the observed ca. 40% increase in the r1 etching rate during P etching. But decrease in r1 etching rate for ca. 9 % in diluted HF solution and more than3 times in buffered HF solution in the presence of material densification is contradict with the experimental etching results of densified by ion irradiation silica.25'26 Our experimental results on etching dynamics could be explained if we assume that during microfabrication induced bond strain and material densification is much higher, because the silica exposed to high doses of nitrogen ions was demonstrate complete resistance to etching in HF/buffred HF solutions (see Ref. 26 and the references therein). Further investigations on this matter is underway.
CONCLUSIONS
In conclusion, we have demonstrated the possibility of 3-D microchannel fabrication inside silica achieved by a simple two-step procedure involving fs-laser irradiation and subsequent etching. The etching in a mixture of HF, H20 and HNO3 (P etch) allow development of highest aspect ratio 3D patterns and the resulting channels are suitable for the applications in microchemistry. Furthermore, etching results reveals that during femtosecond laser microfabrication silica was modified in ca. 4 im diameter around the micro-explosion site. By the extension, the method can be applied for large scale (mm-to-cm) fabrication, in which the optical damage is introduced along the edges of the 3-D structure (the perforation-like marks are visible along the edges of the volume to be removed), and later is developed/removed by etching.
